Soy infant formulas have been widely used as an alternative for infants with cow milk allergy and lactose intolerance for nearly 40 y (1,2). Currently, 25% of formula-fed infants, or 15% of all infants, in the United States are fed soy-protein formulas (2, 3) . Soy formulas contain 32-47 mg of isoflavones/L, compared with~6 g/L in breast milk (4 -6) . On the basis of an average formula intake of 900 -1000 mL/d, a 4-mo-old infant who is fed soy formula consumes 28 -47 mg, or 6 -9 mg/kg body weight, of isoflavones per day (4) . Approximately 60 -65% of the isoflavones in soy formula are present as genistin and genistein. Lactase phlorizin hydrolase (LPH; E.C. 3.2.1.23 and 62) is abundant in the neonatal small intestine (7) and can hydrolyze genistin to genistein (8) , the latter of which is a biologically active phytoestrogen (5) . Infants as young as 4 wk of age are able to digest, absorb, and excrete genistein and daidzein as efficiently as adults (6) . Genistein and other isoflavones are taken up by the enterocytes and are glucuronidated during first-pass uptake (9) . Circulating genistein concentrations in infants who are fed soy formula is 2-fold higher than the peak serum genistein concentration obtained in adults who consumed a 50-mg single bolus of genistein (4, 10) . Although genistein is well absorbed, a small percentage of genistein remains in the enterocyte. The genistein that remains in the intestinal tissue is present as glucuronidated genistin and aglycone genistein (11, 12) and can amass to sufficient levels in intestinal cells to affect cell-cycle dynamics (13) .
The impact of exposure to high doses of genistein on neonatal intestinal development has received very little atten-tion despite the presence of estrogen receptors (ERs) on intestinal cells (14 -16) and the high rate of cell proliferation among the intestinal crypt cells (17) . High concentrations of genistein inhibit proliferation of cancer cells (18, 19) , whereas low concentrations of genistein stimulate proliferation of ER-positive cancer cells (18, 20, 21) . Thus, the physiologic effects of genistein are concentration dependent. Recent work in our laboratory supports a biphasic effect of genistein on intestinal cell-cycle dynamics (22) . Low doses of genistein increased cell proliferation, whereas high concentrations of genistein, similar to those present in soy infant formula, induced cell-cycle arrest and reduced proliferation and cell number (22) . Thus, in vitro data suggest that the proliferation of intestinal cells of soy formula-fed infants could be adversely affected.
The objective of the current study was to assess the impact of ingested genistein on intestinal structure and function in vivo using the piglet as the animal model for the human infant. The piglet and the human infant have a similar intestinal anatomy and digestive physiology (23) . The newborn piglet is of similar size to the newborn human infant, and its rapid growth rate allows for the effects of the experimental treatment to be observed over shorter periods of time (24) , supporting the use of the piglet as an animal model to study the human infant's digestive tract development and maturation. Our hypothesis was that consumption of genistein at the concentration that could be produced from genistin at the level currently contained in soy infant formula would adversely affect intestinal structure and function, whereas a low concentration of genistein would promote intestinal proliferation.
METHODS
Study design and diets. The Institutional Animal Care and Use Committee at the University of Illinois approved the animal protocol. Piglets (n ϭ 24) were obtained within 48 h of birth, transported to the animal facilities, and housed individually in temperature-and light-controlled rooms as described by Houle et al. (25, 26) . Piglets were distributed into three groups by litter (n ϭ 8/group): 1) medicated sow milk replacer (MR; control; Advance Baby-Pig LiquiWean, Dundee, IL); 2) MR ϩ 1 mg/L of genistein [low genistein (LG)]; or 3) MR ϩ 14 mg/L genistein [high genistein (HG)]. Genistein (L.C. Laboratories, Woburn, MA) was dissolved in DMSO to give a stock concentration of 10 and 140 g/L. Genistein or an equivalent volume of DMSO was added to the formula immediately before feeding. Milk replacer (183 g/L) was provided daily at a rate of 360 mL/kg body weight divided into three feedings. Piglets self-fed from a nipple that was attached to tubing that was connected to an enteral nutrition bag that contained the diets (25, 26) . A tray located under the nipple collected any spillage, allowing for accurate determination of formula and genistein intake. Forty-eight hours before the killing, 50 mg/kg body weight of 5'-bromodeoxyuridine (BrdU; Sigma Chemical Co., St. Louis, MO) was injected into the intraperitoneal space for assessment of enterocyte migration (26) . Piglets were fed one third of their daily allotment of formula 2-4 h before the sample collection.
Sample collection. Piglets were killed on experimental day 10. Blood was collected in heparin-laced vials and serum separated by centrifugation (3000 ϫ g for 15 min at 4°C). The small intestine was excised from the pyloric sphincter and the ileocecal valve, and its length was measured. The intestine was cut at 10 and 85% from the proximal end to give three segments corresponding to the duodenum, jejunum, and ileum, respectively, on the basis of distances extrapolated from Houle et al. (25) . The segments were flushed with ice-cold saline and weighed. Sections of mid-jejunum and distal ileum were taken immediately for Ussing chamber analysis, frozen at Ϫ80°C for RNA isolation, and preserved in a 10% buffered-formalin solution (Biochemical Sciences, Swedesboro, NJ) for immunohistochemistry. Remaining intestine was opened longitudinally, and mucosa was collected by gently scraping the luminal surface with a microscope slide and frozen at Ϫ80°C for subsequent analyses.
Sample preparation. Samples were prepared according to a modified procedure of Coward et al. (27) . Each serum sample (0.5-1.0 mL) was mixed with 1 mL of 0.5 M of ammonium acetate (pH 7.2) and passed through a Sep-Pak tC18 cartridge (Waters, Milford, MA) equilibrated with water. After washing with 1 mL of water, the samples were eluted with 3 mL of methanol. The samples then were dried under nitrogen and resuspended in 1 mL of buffered enzyme solution [0.5 M of ammonium acetate (pH 5.0) that contained glucuronidase type H-1 from Helix pomata (212 units/mL); Sigma Chemical Co.] and sulfatase type H-1 from Helix pomata (25 units per mL; Sigma Chemical Co.) and incubated overnight at 37°C. The samples then were passed though through another Sep-Pak tC18 cartridge equilibrated with water, washed with water, eluted with methanol, and dried under nitrogen. The dried samples were completely resuspended in 100 L of methanol, and a 50-L sample was injected on the liquid chromatograph-mass spectrometer for analysis.
Liquid chromatography-mass spectrometry analysis. The sera samples were run on a Finnegan-Thermoquest LCQ liquid chromatography-mass spectrometry (LC-MS) system (AS3000 autoinjector, P4000 HPLC pump, UV6000 PDA detector, LCQ mass spectrometer) all running under the Xcaliber 1.2 software system. The MS ran with the ESI probe in the negative mode. The MS was optimized for the detection of isoflavone aglycones by using the autotune feature of the software while infusing a solution of daidzein in with the effluent of the column and tuning on molecular weight 254. After injection, the column was held at the initial conditions for 2 min, then developed with a linear gradient to 100% MeOH (0.25% acetic acid) over 53 min. The column effluent was monitored at 285 nm in the PDA detector. The software was set to collect mass data in the SIM mode for molecular weights 240 -244, 252-258, 268 -275, and 282-286. The data were hand integrated at the proper retention times to determine the area for appropriate mass units. Standard curves were prepared with pure standards of equol, daidzein, glycitein, and genistein.
Electrophysiologic measurements. Mid-jejunal and ileal samples were stripped of their muscularis and mounted in modified Ussing chambers (Physiologic Instruments, San Diego, CA). Luminal and serosal surfaces (0.5 cm 2 ) were exposed to oxygenated Kreb's buffer using established methods (28) . Basal transmural short circuit current (Isc), resistance, and potential difference were measured and calculated. Sodium-dependent nutrient transport was measured by the change in Isc induced by the addition of either 10 mM of glucose or glutamine to the luminal buffer. Chloride secretion was measured by the change in Isc induced by the addition of either 0.1 mM of carbachol or serotonin to the serosal buffer.
Disaccharidase activity. Intestinal mucosa (0.2 g) was homogenized in 2 mL of homogenization buffer (0.9% saline solution that contained 223 M of iodoacetic acid and 1 M of phenylmethylsulfonyl fluoride). Lactase and sucrase activities were assessed by incubating mucosal homogenates with lactose and sucrose, and glucose released from the hydrolysis of the disaccharide was detected with a glucose oxidase reagent (Glucose Trinder; Sigma Chemical Co.) (29) . Protein content was determined from the same homogenized mucosa by a modified Lowry assay (30) . Disaccharidase activity was expressed as the amount of glucose released per minute per gram of protein.
Mucosal DNA. DNA content was determined fluorometrically with Hoescht H 33258 dye (31) . Fluorescence was measured at excitation wavelength of 365 nm and emission wavelength of 460 nm on Bio-Rad's VersaFluor fluorometer. DNA concentration was calculated on the basis of a standard curve using calf thymus DNA (Sigma Chemical Co.) and normalized by protein content.
Histomorphology. Formalin-fixed intestinal samples were embedded in paraffin, sliced with a microtome, and stained with hematoxylin. Intestinal images were captured with a Nikon Diaphot 200 microscope attached to a Nikon digital camera (DXM1200) connected to a computer. Villus height and width and crypt depth were measured in well-oriented villi and crypts using the software Image-Pro Express Version 4.0.1 (Media Cybernetics, Silver Spring, MD).
Enterocyte migration and proliferation. Immunohistochemistry was used to assess proliferating cells by detecting proliferating cell nuclear antigen (PCNA) and to assess the migration distances of BrdU-labeled enterocytes in 48 h. Briefly, a series of xylene and ethanol washes were conducted to deparaffinize sections of formalin-fixed samples. After incubations in 2 N of 193 GENISTEIN AND INTESTINAL DEVELOPMENT HCl, trypsin, and hydrogen peroxide, the sections were incubated with mouse anti-PCNA IgG antibody or mouse monoclonal anti-BrdU IgG antibody (Vector Laboratories, Burlingame, CA). Negative controls were incubated with blocking solution without the antibody. Labeled cells were detected with a biotinylated secondary antibody, horse anti-mouse IgG (Vectastain Elite ABC Kit; Vector Laboratories) and visualized using 3,3'diaminobenzidine substrate kit for peroxidase (Vector Laboratories). The slides were counterstained with Mayer's hematoxylin (Sigma Chemical Co.). Proliferation was expressed as a percentage of PCNA-positive cells per total crypt cells. Enterocyte migration distance was expressed as the distance from the bottom of the crypt to the foremost BrdU-labeled enterocyte (26) .
Apoptosis. Caspase-3 is a key protease in the execution of apoptosis and an early marker of apoptosis (32) . To localize where along the villus-crypt axis apoptosis was occurring, we used an antibody against cleaved caspase-3 (Cell Signaling Technology, Beverly, MA) for immunohistochemistry as described above. Negative controls were incubated with blocking solution without the anticleaved caspase-3 antibody. Apoptosis was expressed as the percentage of the villus height detected with active caspase-3.
RNA isolation and reverse transcription. Total RNA was isolated from the intestinal tissue (0.1 g) using TriZol Reagent (Invitrogen, Carlsbad, CA) and following the manufacturer's method. Subsequently, RNA samples were treated with DNase I (Invitrogen) to eliminate any DNA contamination before reverse transcription PCR (RT-PCR). The RNA was reverse-transcribed in a reaction that contained 1 L of 50 M of random decamer primers (Ambion, Austin, TX), 1 L of 10 mM of dNTP mix (Invitrogen), 40 U of RNaseOUT (Invitrogen), and 200 U of SuperScript III RNase H-Reverse Transcriptase (Invitrogen).
ER-␣, ER-␤, and trefoil factor mRNA expression. Two isoforms of ER (␣ and ␤) are differentially distributed among the tissues (16) . The pig ER-␣ and ER-␤ primer sequences were from Kowalski et al. (33) . The ER-␣ forward primer was 5'-ATTGGTCTTGTCTGGCGCTCC, and the reverse primer was 5'-GGTCATAGAGGGGCACCACGT (Custom Primers; Invitrogen), giving a 451-bp product. The PCR cycle protocol used for both jejunum and ileum was 32 cycles of 94°C for 45 s, 58°C for 30 s, and 72°C for 30 s. RNA isolated from sow ovary was used as a positive control for ER-␣ expression. The pig ER-␤ forward primer was 5'-AGAGACATTGAAAAGGAAGG, and the reverse primer was 5'-GCCTTACATCCTTCACATGA (Custom Primers; Invitrogen), giving a 150-bp product. For jejunal samples, the PCR cycle protocol was 36 cycles of 94°C for 45 s, 58°C for 30 s, and 72°C for 30 s. For ileal samples, the cycle protocol was 36 cycles of 94°C for 45 s, 54°C for 30 s, and 72°C for 30 s.
The forward primer for pig spasmolytic polypeptide (SP)/trefoil factor 2 (TFF2) was 5'-AATTGCTGCTTCTCCGACAC, and the reverse was 5'-AAACCATTGAAAAGGGCAGA, to give a 225-bp product. The PCR cycle protocol was 30 cycles of 94°C for 45 s, 52°C for 30 s, and 72°C for 30 s. For porcine intestinal TFF (ITF), also known as TFF3, the amino acid sequence but not the DNA sequence was available. On the basis of the alignment of porcine and human ITF amino acid sequences and primers for human ITF obtained from Ciacci et al. (34) , primers targeting porcine ITF were designed to be degenerate at bases that were not identical between porcine and humans. Primers for porcine ITF were forward 5'-GTNYTNGTGGCCTTGGCNTC and reverse 5'-TTGCAYTGYTCGGGGGTCAC, giving a 128-bp product (N ϭ A ϩ G ϩ C ϩ T, Y ϭ C ϩ T). The PCR protocol used for jejunum was 38 cycles of 94°C for 45 s and 62°C for 30 s and for ileum was 38 cycles of 94°C for 45 s, 58°C for 30 s, and 72°C for 30 s.
PCR was performed in a 50-L reaction volume that contained 2 L of cDNA (from the resulting RT reaction), 1ϫ buffer (Invitrogen), 1.5-3 L of 50 mM of MgCl 2 (Invitrogen), 1 L of 10 mM of dNTP mix (Invitrogen), 1-2 L of each primer (10 M), 2 L of 18S:Competimer mix (Ambion), and 2 U of TaqDNA polymerase (Invitrogen). All PCR reactions were run with the QuantumRNA Classic or Classic II 18S standards (Ambion) to serve as the internal standard. The 18S to Competimer ratio for ER-␣ was 1:9, for ER-␤ was 0.5:9.5, for SP/TFF2 was 2:8, and for ITF/TFF3 was 1:9. PCR reaction (25 L) was loaded into a 1.5 or 2% agarose Tris-borate-EDTA gel and analyzed by gel electrophoresis. Images of the ethidium bromide-stained agarose gels were captured with the Kodak Image Station 440CF (Eastman Kodak, Rochester, NY). Net intensities of the bands were measured with Kodak 1D image analysis software. The net intensities of the bands of interest were standardized to the expression of 18S rRNA. c-Src immunoprecipitation and western immunoblot. Jejunal mucosal homogenate was centrifuged at 14,000 ϫ g at 4°C for 15 min to remove insoluble material. Protein concentration of the cleared mucosal homogenate was measured by the Lowry assay. Protein aliquots (2 mg) were incubated with 3 g of c-src, a nonreceptor tyrosine kinase, antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h at 4°C with gentle rocking. The c-src protein-antibody complex was precipitated by incubating with PANSORBIN Cells (Calbiochem, San Diego, CA). Proteins were resolved on precast 10% Tris-HCl mini gels (BioRad, Hercules, CA) for SDS-PAGE and then electrotransferred to nitrocellulose membranes. One membrane was blotted with c-src antibody, and another was blotted with phospho-src family (Tyr416) antibody (Cell Signaling Technology, Beverly, MA). Bound antibodies were detected using the Opti-4CN Detection Kit (BioRad), which is based on horseradish peroxidase-conjugated 2°antibody for color development. Images of the nitrocellulose were captured with the Kodak Image Station 440CF, and band net intensities were measured using the Kodak 1D image analysis software.
Statistical analysis. Formula intake and body weight among the three groups were compared each day. The other assessments were day 10 measurements, and comparisons among the groups within either jejunum or ileum were made using one-way ANOVA under the GLM procedure looking at the main effect of diet. Probabilities for all pair-wise differences were computed with the PDIFF option (SAS v.8e; SAS Institute, Cary, NC). Statistical significance was set at p Յ 0.05, and trends were reported at p Յ 0.1. Data are reported as mean Ϯ SD.
RESULTS
Piglet growth and milk consumption. Piglet absolute body weight and weight gain did not differ among the groups. At experimental day 10, the average body weights of the piglets in the MR (n ϭ 8), LG (n ϭ 7), and HG (n ϭ 8) groups were 3.0 Ϯ 0.7, 3.1 Ϯ 0.6, and 3.0 Ϯ 0.3 kg, respectively. The average weight gain was 1.3 Ϯ 0.5 (MR), 1.4 Ϯ 0.4 (LG), and 1.3 Ϯ 0.3 kg (HG). The volume of formula consumed per day by the piglets was not significantly different among the groups. By day 2, the piglets had learned to self-feed and consumed close to the allotted 360 mL/kg body weight each day. By the last day, the MR, LG, and HG groups consumed 961 Ϯ 229, 993 Ϯ 202, 958 Ϯ 90 mL, respectively. Serum genistein. Genistein was detected in the sera of the piglets by LC-MS (Fig. 1) . The piglets absorbed genistein as indicated by the~200-fold rise in serum genistein concentration in the HG group compared with the MR control (Fig. 2) . The HG group achieved serum concentrations within the range reported in human infants who are fed soy formula (4) 
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Electrophysiologic measurements. Data from the Ussing chambers revealed no significant differences in passive or active ion transport, sodium-coupled glucose or glutamine transport, or secretagogue-induced ion transport in either the jejunum or the ileum (Table 1) .
Disaccharidase activities, protein, and DNA content. Jejunal disaccharidase activity was unaffected by genistein consumption. Mean lactase and sucrase activities for MR, LG, and HG were 201 Ϯ 61, 213 Ϯ 9, and 217 Ϯ 115 mol glucose · min Ϫ1 · g protein Ϫ1 and 75 Ϯ 27, 69 Ϯ 34, and 65 Ϯ 47 mol glucose · min Ϫ1 · g protein Ϫ1 , respectively. Last, the groups showed no significant differences in protein content (9.0 Ϯ 1.6, 9.2 Ϯ 1.6, and 8.8 Ϯ 1.3 mg/mL mucosal homogenate in MR, LG, and HG, respectively) or DNA (63 Ϯ 13, 67 Ϯ 9, and 64 Ϯ 8 g/mg protein in MR, LG, and HG, respectively).
Enterocyte proliferation and migration. PCNA-stained cells and nonstained cells in well-oriented crypts were counted. The HG group displayed approximately half the percentage of PCNA-positive cells (12 Ϯ 6%; Fig. 3 ) compared with the MR (24 Ϯ 7%) and LG (26 Ϯ 7%) groups. There was a trend for the enterocyte migration distance in the HG group to be 20% less than the MR and LG groups, compared with MR (Fig. 4) . The migration distance in the MR, LG, and HG groups was 596.1 Ϯ 140.0, 577.4 Ϯ 75.2, and 468.8 Ϯ 30.8 m, respectively.
Apoptosis. Active caspase-3 was detected at the tips of the intestinal villi (Fig. 5) . The distance from the tip of the villus to the end of the active caspase-3 staining along the length of the villus was measured and defined as the apoptotic distance and then expressed as a percentage of the villus height. The percentage of the villus height that underwent apoptosis in the MR, LG, and HG group was 19.6 Ϯ 7.1%, 18.1 Ϯ 3.4%, and Figure 2 . Serum genistein concentrations of piglets that were fed 0, 1, or 14 mg/L of genistein for 10 d. Serum genistein concentrations at experimental day 10 of each piglet within each group is shown. On average, serum genistein in the HG group (n ϭ 8) was significantly higher than the MR control (n ϭ 7) and LG (n ϭ 7) groups. The shaded region is the plasma genistein concentration (mean Ϯ 1 SD) of soy formula-fed infants as reported by Setchell et al. (4) . The HG group had serum genistein concentration similar to that in soy formula-fed infants, suggesting that the genistein dose that we used was clinically relevant. Different superscripts indicate significant differences at p Յ 0.05. Figure 1 . LC-MS ESI-SIM analysis of hydrolyzed serum from a pig that was fed genistein. The MS was optimized for the detection of isoflavone aglycones by using the autotune feature of the software while infusing a solution of genistein with the effluent of the column and tuning on molecular weight 269. The software package was set to collect mass data in the SIM mode for molecular weight 269. A standard curve was prepared with a pure standard of genistein. An extinction coefficient on a nanomolar basis was obtained from the standard curve to determine the concentrations of genistein in the sera. Background levels were very high. An average background was determined from the control pig sera runs and subtracted from each integrated value.
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GENISTEIN AND INTESTINAL DEVELOPMENT 22.0 Ϯ 9.7%, respectively. There were no significant differences among the groups.
ER-␣, ER-␤, and TFF mRNA expression. Expression of ER-␣ mRNA was relatively low in the small intestine, especially in young piglets. ER-␣ expression in the day 10 jejunum and ileum was only 2 and 7%, respectively, of the expression in the ovary of a sow (positive control). There were no significant differences in ER-␣ expression in the ileum among MR, LG, and HG (0.91 Ϯ 0.57, 1.13 Ϯ 0.51, 0.84 Ϯ 0.46 densitometric units, respectively). ER-␣ expression was extremely low in the jejunum; differences could not be reliably assessed.
ER-␤ mRNA expression was readily detectable in piglet intestine. On average, jejunal ER-␤ expression in the LG group was 18% greater than in the MR group, whereas jejunal ER-␤ expression in the HG group was 40% lower than in the MR group (Fig. 6 ), but neither was significantly different from the MR group. However, expression of ER-␤ in the HG group was 50% lower than that in the LG group (p ϭ 0.05). In the ileum, 
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there were no significant differences in ER-␤ expression among the groups (Fig. 6) . SP/TFF2 expression in the stomach was~33% lower (p ϭ 0.05) in both LG and HG groups compared with the control (Fig. 7) . On average, jejunal ITF expression in the MR, LG, and HG groups was 0.30 Ϯ 0.16, 0.24 Ϯ 0.09, and 0.18 Ϯ 0.04 densitometric units, respectively (Fig. 7 ). There were no significant differences among the groups. Ileal ITF expression was 0.45 Ϯ 0.23, 0.41 Ϯ 0.13, and 0.58 Ϯ 0.22 densitometric units in the MR, LG, and HG groups, respectively (Fig. 7) . Again, there were no significant differences among the groups.
c-Src immunoprecipitation and Western immunoblot. There were no significant differences in c-src protein abundance among the groups (Fig. 8) . Active c-src (phospho-src Tyr416) protein levels were also not significantly different among the groups (Fig. 8) .
DISCUSSION
Nearly one quarter of all formula-fed infants in the United States are fed soy formula (2) and consequently exposed to high doses of genistein. Concerns have been voiced regarding the high circulating concentrations of isoflavones observed in infants who are fed soy formula and their potential impact on reproductive and immune development (35) (36) (37) . However, little attention has been given to the potential impact of luminal exposure to genistein on intestinal development and function of infants. When infants consume soy formula, the gastrointestinal tract is the first organ to be exposed to isoflavones and thus is susceptible to their estrogenic and antiproliferative effects. Soy-based infant formulas support normal growth for the first full year of life in healthy term infants (38) , although the incidence of physician-reported but not parent-reported diarrhea was greater in infants who were fed soy-based infant formulas than human milk or cow milk-based formula (39) . Nevertheless, direct clinical or experimental studies investigating outcomes related to intestinal development or function of soy formula-fed infants are lacking. Thus, the goal of the current study was to investigate the impact of genistein on neonatal intestinal structure and function in a piglet model.
Because of the complexity of the ingredients within soy formula that might affect intestinal development, the current investigation was designed to focus on the specific impact of genistein on intestinal development of piglets. Piglets were fed formula that contained 1 or 14 mg/L of genistein. The 14-mg/L concentration was calculated as the genistein equivalents (genistein ϩ genistin) present in soy formula. The 1-mg/L concentration had been shown previously to stimulate proliferation of cultured enterocytes (22) , and it could be achieved in Immunohistochemical detection of cleaved (active) caspase-3 in jejunum of piglets that were fed 0 (n ϭ 5), 1 (n ϭ 6), or 14 (n ϭ 6) mg/L of genistein for 10 d. Detecting active caspase-3 through immunohistochemistry was used to assess apoptosis along the villus. Apoptosis was detected mainly at the tips of the villi. There were no significant differences in the percentage of the villus height that underwent apoptosis in the jejunum among the groups. Magnification: ϫ10. Scale bar ϭ 100 m. 
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an infant formula prepared with isoflavone-reduced soy protein isolate. Neither dose of genistein affected the growth of piglets, which corresponds to normal growth in soy formula-fed infants. Although piglets received the aglycone genistein rather than the ␤-glucoside form genistin that is the predominant isoflavone in soy formula, mean serum genistein concentration in piglets that were fed the high genistein formula was 2.36 Ϯ 2.26 M. This concentration was nearly identical to that reported in human infants who were fed a soy protein formula (2.53 Ϯ 1.64 M) by Setchell et al. (4) . These data suggest that human infants have sufficient ␤-glucosidase activity to efficiently hydrolyze genistin in soy formula to genistein. Furthermore, these data show that the amount of genistein fed to the piglets was physiologically relevant and that the piglet may be a good model to investigate potential systemic effects of dietary isoflavones on developing organs and tissues.
ERs are present in intestines of pigs and other species (14 -16) ; however, modulation of intestinal ER expression by genistein had not been investigated previously. ER-␤ is the main form of ER expressed in the gastrointestinal tract (40) and has an affinity for genistein Ͼ10-fold (41) higher than that of ER-␣ for genistein. We observed very low expression of ER-␣ in the intestine of the piglets, and its expression was unaffected by dietary genistein. ER-␤ expression in the jejunum or ileum was not significantly affected by the addition of genistein to the diet when compared with the MR group. However, ER-␤ mRNA expression in the jejunum of piglets that were fed the HG formula was 50% that of piglets that were fed the LG formula. Genistein modulation of ER-␤ expression is also evident in other tissues (42, 43) .
Our results demonstrate that genistein retains bioactivity within the neonatal gastrointestinal tract and affects cells that are located within the intestinal crypts to a greater degree than the fully differentiated cells that are located on the villi. Piglets that consumed formula that contained 14 mg/L of genistein for 10 d had reduced enterocyte proliferation and migration. However, villus height and overall intestinal growth were unaffected. The PCNA results are indicative of the level of proliferation occurring at the time the intestine was collected and is not necessarily reflective of what occurred throughout the 10 d. We collected intestinal samples at experimental day 2, and there was no significant difference in proliferation between the control and HG groups at that time (data not shown). Thus, the reduction in crypt cell proliferation had occurred for 8 d or less before sample collection, which perhaps is why villus morphology had not been significantly affected.
The inhibition of intestinal cellular proliferation by genistein in vivo supports that observed in vitro by our group (22) and others (19, 20, 44) . In vitro studies have delineated a possible mechanism underlying the biphasic effects of genistein for cell proliferation. At low concentrations, genistein, acting through the ER, stimulates c-src, a nonreceptor tyrosine kinase, and activates erk-1 and erk-2 of the mitogen-activated protein kinase pathway to stimulate growth (45, 46) . However, at higher concentrations, genistein can act through non-ERmediated events such as inhibiting tyrosine kinase activation of c-src, which leads to downstream inactivation of erk-2 activity and results in a decline in proliferation (45, 46) . Eventually, cells accumulate in G2/M, resulting in G2/M cell-cycle arrest (22) . In the current study, we did not observe c-src inactivation in the jejunum of the piglets in the HG group. However, the transient nature of signaling activation (46) could explain the lack of observation because jejunal samples were collected 2-4 h after the piglets were fed the treatment formula.
At the genistein concentration used in the LG group of the current study, intestinal cell proliferation was enhanced in vitro (22) . Genistein mediated intestinal cell proliferation through the ER, as the addition of the pure antiestrogen ICI 182,780 to the culture media negated the increased proliferation induced by a low dose of genistein (22) . We observed no significant difference in intestinal cell proliferation of piglets that were fed formula that contained 1.0 mg/L of genistein compared with formula alone. It is possible that endogenous gastrointestinal secretions diluted genistein below a concentration that would stimulate cell proliferation in vivo. 
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Genistein also has apoptotic effects that can contribute to a decrease in proliferation in the intestine. In HT-29 cells, a 4-d exposure to 60 and 150 M of genistein resulted in 54 and 94% apoptotic cells, respectively (47) . We assessed apoptosis by detecting active caspase-3, a key protease in the execution of apoptosis and an early marker of apoptosis (32) , through immunohistochemistry and found active caspase-3 localized to enterocytes mainly at the tips of the villi, where it has also been reported by other laboratories (48, 49) . There was no effect of dietary genistein on expanding the apoptotic zone along the villus height.
We observed a trend for enterocyte migration to be slower in piglets that were fed the HG formula. TFFs have a key role in mucosal repair by promoting cell migration (50) . SP/TFF2 is present in the distal stomach, and ITF (ITF/TFF3) is expressed throughout the small and large intestine (51) . ITF expression was previously shown to be induced by estradiol (52) ; thus, we sought to determine whether genistein modulated the expression of ITF in the small intestine and SP/TTF2 in the stomach. ITF expression in the jejunum and the ileum was not affected. The observed trend in suppressed enterocyte migration in the jejunum was not attributable to a change in ITF expression. The lower cell proliferation in the jejunal crypts most likely led to slower replenishment of enterocytes on the villus and consequently suppressed enterocyte migration in the HG group. However, SP/TTF2 mRNA expression in the stomach of the HG piglets was one third lower than in the MR piglets, suggesting that genistein may influence gene expression in the stomach.
In addition to intestinal cell dynamics, we assessed whether dietary genistein affected intestinal digestive function. No significant effects of genistein on disaccharidase activity, nutrient transport, or other electrophysiologic measures were observed. Taken together with the inhibition of cellular proliferation, these data suggest that genistein primarily affects proliferating crypt cells rather than functionally differentiated villus epithelial cells. Consistent with these findings, we showed recently that genistein did not affect intestinal disaccharidase activity or disaccharidase mRNA expression in differentiated Caco-2BBe cells (unpublished observations). In the Caco-2 cell line, the amount of ER decreased as cells became confluent and underwent differentiation, compared with its subconfluent, undifferentiated state (53) , reducing the potential for activity via the ER in differentiated cells.
CONCLUSION
In summary, after 10 d of consuming formula supplemented with genistein at the concentration present in soy-based infant formula, piglets displayed inhibited cell proliferation in the jejunal crypts and a tendency for reduced jejunal enterocyte migration. These data provide compelling evidence that genistein is bioactive within the neonatal small intestine at a concentration approximating what would be formed by conversion of the genistin in soy infant formula to genistein by intestinal ␤-glucosidases and lactase phlorizin hydrolase (8) . Furthermore, antiproliferative effects within the intestine were observed at circulating concentrations of genistein that were comparable to those reported in human infants who were fed soy infant formula (4). On the basis of these findings, further studies of longer duration using formulas that contain mixtures of isoflavones, as well as other bioactive components in soy formulas (54, 55) , are warranted as there are potential synergistic and opposing interactions among the various components present in soy infant formulas.
